The stromal microenvironment plays a crucial role in tumor development and progression. One of the most potent activators of stromal cells is the platelet-derived growth factor (PDGF). To investigate the role of PDGF in epithelial tumor development we stably transfected immortal nontumorigenic human keratinocytes with the PDGF-B cDNA. Transfected HaCaT cells overexpressed PDGF-B but remained negative for the PDGF receptors ␣ and ␤ (mRNA). Thus, they did not exhibit autocrine growth stimulation in vitro, but proliferation of cocultured fibroblasts was enhanced and this effect was inhibited by a neutralizing antibody to PDGF-BB. After subcutaneous injection into nude mice the transfected cells maintained high PDGF expression and formed progressively enlarging, rapidly proliferating cysts, classified as benign tumors. During early tumor development (up to 2 months), PDGF-B transfectants induced marked mesenchymal cell proliferation and angiogenesis, yet this effect vanished at later stages (2-6 months) concomitantly with increased epithelial cell proliferation and enhanced tumor growth. These results demonstrate that an activated stromal environment can promote tumorigenic conversion of nontumorigenic keratinocytes by inducing sustained epithelial hyperproliferation. This effect is apparently caused by a dual action of PDGF-BB: (i) PDGF-BB can promote tumor growth by inducing angiogenesis and stroma formation, and (ii) PDGF-activated stromal cells maintain elevated keratinocyte proliferation via a paracrine mechanism. Thus, PDGF, a major factor activated in wound healing, may play an important role as an endogenous promoter in epithelial tumor formation.
The significance of the microenvironment for tumor development has been well documented in experimental in vivo systems. Both the composition of the extracellular matrix and the functional state of the mesenchymal cells seem to play an important role for tumor cell growth, invasion, and metastasis (1, 2) . Several reports have demonstrated growth-promoting effects of activated stromal cells on tumor cells (3) (4) (5) , but their precise contribution to epithelial tumor development and progression is much less understood.
The platelet-derived growth factor (PDGF) is a potent mitogen and chemoattractant for mesenchymal cells and plays an important role in wound healing (reviewed in ref. 6) . PDGF is a 30-kDa dimer of the polypeptide chains A and B, linked by disulfide bonds. The PDGF isoforms (PDGF-AA, PDGF-AB, and PDGF-BB) exert their effects by interacting with two tyrosine kinase receptors. The ␣-receptor (PDGF-␣R) binds all three isoforms, whereas the ␤-receptor (PDGF-␤R) only binds PDGF-BB with high affinity. In wounds, the expression of the PDGF-␤R is up-regulated in connective tissue (7, 8) and epithelial cells (9) concomitantly with an increased production of PDGF, indicating a powerful role of PDGF acting via paracrine and autocrine mechanisms. PDGF-BB is also upregulated in a number of tumor cell lines (10, 11) , which do not express the PDGF receptors suggesting its paracrine role in tumorigenesis (12) . However, while a PDGF autocrine loop for tumors of mesenchymal origin has been well established (13) , there is mainly circumstantial evidence in support of its paracrine function. The only direct evidence for that comes from the study of PDGF-B-transfected melanoma cells devoid of PDGF-receptors. These PDGF-B-overexpressing tumors induce a well-vascularized connective tissue and, as a consequence, demonstrate accelerated growth rate (14) .
In this report we demonstrate that activated stromal cells induce tumorigenic conversion of stably nontumorigenic immortalized human keratinocytes (HaCaT) (15) . Stromal cells, stimulated by the continuous overexpression of PDGF-BB by stably transfected HaCaT cells sustain keratinocyte proliferation, most probably by a paracrine mechanism leading to the formation of benign epithelial tumors. This indicates that tumorigenic progression of intrinsically nontumorigenic epithelial cells can be induced solely by altering the microenvironment. We suggest that PDGF present at injury sites and in certain chronic inflammatory diseases may significantly contribute to early stages of epithelial skin tumor formation and possibly other carcinomas associated with wounding and inflammation.
vessels. When combined with anti-BrdUrd staining the anticollagen IV labeling was better preserved and thus this procedure was preferred (17) . Respective secondary antibodies were purchased from Dianova (Hamburg, Germany).
Transfection. The human keratinocyte cell line HaCaT was grown in 4 ϫ MEM supplemented with 5% fetal calf serum as described (18) . Cells (passage 30) were transfected with the expression vector containing PDGF-B cDNA or with the vector alone using the Ca 2ϩ -phosphate precipitation method as described (19) . Clones were selected in media containing 400 g͞ml geneticin (GIBCO͞BRL), isolated with cloning rings, and individually expanded.
Molecular Analysis of Transfected Cells. Selected clones were examined for integration of the plasmids by Southern blot analysis. Genomic DNA was isolated by the SDS lysis method, digested overnight at 37°C with either BamHI or HindIII restriction endonucleases, and electrophoresed in 0.8% agarose gels (10 g DNA per lane). Gels were blotted onto Hybond-N ϩ filters (Amersham) and hybridized according to the manufacturer's instructions. The 32 P-labeled PDGF-B probe was prepared using a random priming kit (Amersham). Filters were exposed to Kodak XAR5 films for 6 days.
Expression of mRNA for PDGF-B and its receptors was analyzed by Northern blot hybridization. Total cellular RNA was isolated by the guanidinium thiocyanate method (20) . Samples were electrophoresed in 1% formaldehyde gels (20 g RNA per lane), and gels blotted onto Hybond-N ϩ filters. The 32 P-labeled probes were prepared using a random priming kit and blots hybridized according to the manufacturer's instructions (Amersham). Exposure times were 5 days for PDGF-B and PDGF receptors -␣ and -␤, and 1 day for the glyceraldehyde-3-phosphate dehydrogenase probe.
Assay of Mitogenic Activity. To assay the secretion of active PDGF-BB, the mitogenic activity of medium conditioned by transfected cells was determined in cocultures of normal human adult dermal fibroblasts and either control-or PDGF-B-transfected HaCaT cells. Fibroblasts were seeded at 4 ϫ 10 3 cells per cm 2 on the bottom of six multiwell tissue culture plates (Falcon) and transfected HaCaT cells at 4.6 ϫ 10 4 cells per cm 2 on the corresponding filter inserts (3.0 m pore size) in 4 ϫ MEM supplemented with 5% fetal calf serum. Cells were allowed to attach for 12 hr, washed three times with serum-free 4 ϫ MEM and shifted to supplemented keratinocyte defined medium (Promo Cell, Heidelberg) containing 0.5 mM Ca 2ϩ and 0.5% fetal calf serum. In parallel experiments, a neutralizing antibody to PDGF-BB (R & D Systems) was added to the medium (2 g͞ml). Medium was changed every 2 days. After 5 days cells were trypsinized and the number of fibroblasts and transfected cells determined. The experiment was repeated twice with duplicate samples.
In Vitro Growth Rate of Transfected Cells. PDGF transfectants were plated in 24 multiwell plates (3 ϫ 10 4 cells per well), trypsinized, and counted 15 hr later to assess the plating efficiency. Thereafter, cells were counted twice daily (three wells per cell line) over a 5-day period.
Tumorigenicity Test. Each side of the back of 7-to 9-weekold nude mice (Swiss͞c-nu͞nu͞backcrosses) was s.c. injected with 5 ϫ 10 6 cells in 100 l culture medium, eight animals per cell line. Tumor formation was assayed weekly over an observation period of 6 months by measuring the two maximal diameters. Tumors were removed when Ͼ100 mm 2 and in two further series also after 1, 2, 4, 6, and 8 weeks and 1, 2, 3, and 4 weeks, respectively. Tissues were either fixed in buffered formalin for histological examination or embedded in TissueTek (Miles) and frozen in liquid nitrogen for preparation of cryostat sections. For labeling of proliferating cells, mice received tail-vein injections of BrdUrd and 2-deoxycytidine (65 mM each) in saline (100 l) 2 hr before sacrifice.
Indirect Immunof luorescence. The staining procedure was performed as described (19) . For staining of CD31 and collagen IV, cryostat sections were fixed in acetone and 80% methanol (17) . For BrdUrd, sections were additionally incubated in 2 M HCl for 10 min. For staining of PDGF-BB, sections were fixed in 4% paraformaldehyde. Dilutions were 1:20 for anti-PDGF-BB, 1:100 for anti-BrdUrd and anticollagen IV and 1:4 for the anti-CD31 antibody.
In Situ Hybridization. The in situ hybridization was performed as described (21) . In brief, 35 S-labeled RNA probes were prepared using T3 or T7 RNA polymerase (for antisense and sense, respectively) according to the manufacturer's instructions (Boehringer Mannheim). Cryostat sections were fixed in 4% paraformaldehyde, pretreated, hybridized, and washed at high stringency as described (21) . For autoradiography, slides were coated with NTB2 film emulsion and exposed for 3 weeks. After developing, the sections were counterstained with hematoxylin and eosin.
RESULTS
Integration of PDGF-B cDNA in HaCaT Cells. We stably transfected the immortalized but nontumorigenic skin keratinocyte cell line HaCaT with the PDGF-B cDNA in an expression vector (14) . Cell clones, selected in medium containing geneticin and ring-isolated, were individually expanded and examined for the integration of plasmids. Southern analysis of the vector-transfected HaCaT cells (HaCaT͞neo) revealed three bands corresponding to the endogenous PDGF-B gene ( Fig. 1 A and Expression of PDGF-B and Its Receptors in HaCaT Cells. Since only the protein-coding part of the PDGF-B cDNA was used for transfection (14) , transcription from the expression vector was to yield an mRNA of Ϸ0.7 kb that would be readily distinguishable from the endogenous PDGF-B transcripts (3.8 kb) (22) . Northern blot analysis of the HaCaT͞PDGF-B cells (clones 17 and 18) revealed abundant expression of a transcript of the expected size, whereas HaCaT͞neo cells were negative (Fig. 2) . Neither of the cell lines expressed mRNAs for the PDGF receptors ␤ ( Cell Biology: Skobe and Fusenig Proc. Natl. Acad. Sci. USA 95 (1998) and vector-transfected HaCaT cells were completely devoid of PDGF-B mRNA expression in vivo (data not shown). PDGF-BB is not an Autocrine Growth Factor for HaCaT Cells. Due to the absence of the PDGF receptor autocrine effects on proliferation of HaCaT͞PDGF-B cells were not to be expected. In fact, the PDGF-B overexpressing transfectants showed similar growth kinetics as the parental HaCaT and the HaCaT͞neo cells (Fig. 3) . In addition, administration of a neutralizing antibody to PDGF-BB did not affect the growth rate of HaCaT͞PDGF-B cells (data not shown).
PDGF-B-Transfected HaCaT Cells Stimulate Proliferation of Fibroblasts.
The ability of HaCaT͞PDGF-B cells to secrete functionally active PDGF-BB was tested by means of their capacity to stimulate fibroblast proliferation in transfilter cocultures. When cocultured with HaCaT͞neo cells, fibroblasts showed a 75% increase in cell number, whereas coculture with HaCaT͞PDGF-B cells resulted in further increase in fibroblast number of 270% and 200% for clones 17 and 18, respectively, over 5 days (Fig. 4) . The addition of a neutralizing antibody to PDGF-BB completely abrogated this enhanced growth-stimulatory effect (Fig. 4) , indicating that the major mitogenic factor acting on fibroblasts and released by HaCaT͞ PDGF-B cells into the culture medium is indeed PDGF-BB.
Overexpression of PDGF-BB Renders HaCaT Cells Tumorigenic. For the analysis of tumorigenicity, each cell type (HaCaT͞ neo and HaCaT͞PDGF-B, clones 17 and 18) was subcutaneously injected into nude mice. Control-transfected cells showed no evidence of tumor growth over an observation period of 6 months (Fig. 5) . After injection they formed small nodules that regressed rapidly within a few weeks, a feature identical in parental HaCaT cells (18, 23) . In contrast, nodules formed by PDGF-B transfectants persisted for 6-8 weeks, and subsequently enlarged progressively (Fig. 5) . In fact, five out of eight mice injected with clone 17, and seven out of eight mice injected with clone 18, developed tumors. The tumors obtained by both clones exhibited a similar growth profile (data for clone 18 not shown).
Morphology of Tumors. Histological examination of the nodules formed by HaCaT͞PDGF-B cells 1 week after s.c. injection revealed the presence of numerous vital epithelial cells and only few necrotic foci. The nodules were surrounded by a cell-rich and well-vascularized stroma (Fig. 6 A and D) . At the same time, only a small rim of vital HaCaT͞neo cells was left, surrounding large necrotic areas. In contrast to HaCaT͞PDGF-B cells, there was no prominent activation of the surrounding stromal tissue (Fig. 6E) . While nodules of HaCaT͞neo cells subsequently regressed, those formed by HaCaT͞PDGF-B cells persisted with about the same size until 6-8 weeks after inoculation (see Fig. 5 ). Histological 
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Cell Biology: Skobe and Fusenig Proc. Natl. Acad. Sci. USA 95 (1998) examination revealed the formation of benign cysts lined by a hyperplastic to slightly dysplastic, stratified, and keratinized epithelium (Fig. 6C) . As a result of extensive keratinization, the nodules were filled with horn material. The newly developed cell-rich and well-vascularized stroma was still pronounced in 4-to 6-week-old nodules. The phenotype of progressively growing tumors (2-to 6-months old) was further clearly benign (Fig. 6F) . A multilayered, hyperproliferative, and keratinizing epithelium with well-defined margins to the stroma surrounded a cyst filled with keratinized material. In comparison to cysts up to 6 weeks old, there was a remarkable decrease in the cellularity of the adjacent stroma (compare Fig. 6 C and F) . This change in the composition of tumor stroma from early to late tumors was particularly evident when mesenchymal cell proliferation and vascular density were examined ( Fig. 7 A and B) . In the incipient nodules up to 3 weeks the surrounding mesenchyme was actively proliferating and rich in blood vessels, while only a few cells in the adjacent epithelium exhibited BrdUrd incorporation (Fig. 7A) . In tumors of 4 weeks and older proliferative activity and vessel density decreased in the surrounding stroma of the enlarging tumors. This stromal reduction in cellularity and vascularization was accompanied by a drastic increase in proliferation in the multilayered epithelium as documented by the large number of BrdUrd-labeled cells in the two to three lowermost cell layers (Fig. 7b ). In Vivo Expression of Transfected PDGF-B. Continuously, strong expression of PDGF-B mRNA and protein in tumors was confirmed by in situ hybridization and immunofluorescence, respectively. Both RNA and protein were detected in all vital epithelial cells of early and late cystic tumors (Fig. 8) .
DISCUSSION
The microenvironment plays a decisive role for tumor growth and metastatic spreading as shown in a variety of experimental systems (1, 2, 5) . Moreover, regenerating and rapidly proliferating organs specifically enhance growth of transplanted tumor cells, suggesting paracrine growth regulation by diffusible factors. Those factors may promote tumor cell growth either directly through their receptor-mediated mechanism or indirectly by modifying the microenvironment. This may be achieved by modulation of the extracellular matrix, altering the cellular constituents of the stroma, and by inducing angiogenesis. Here we demonstrate that activated stromal cells not only support tumor growth but may induce tumorigenic conversion of epithelial cells. Stromal-cell activation occurs through mesenchymal growth factors such as PDGF overexpressed in the epithelial cells. In this ''custom-making'' process epithelial cells induce host cells to produce specific growth factors that in turn enhance epithelial cell proliferation. These findings further support the hypothesis that stromal cells are not passive companion cells but can play a crucial role in epithelial tumor development.
PDGF is primarily known as a mitogen and chemoattractant for mesenchymal cells. Accordingly, its role in the development of mesenchymal tumors, particularly gliomas and sarcomas, has been extensively studied (6, 13) . In epithelial carcinogenesis, the role of PDGF is essentially unknown, but autocrine and paracrine functions have been postulated. In human carcinoma cell lines, expression of mesenchymal growth factors, such as PDGF, has been frequently observed as well as a potent stimulatory activity of their conditioned media on stromal fibroblasts (10, 11) . In addition to direct growth stimulation, PDGF is a potent inducer of growth factor production in fibroblasts such as insulin-like growth factor (24, 25) and keratinocyte growth factor (26), both known as epithelial cell mitogens.
In this study we demonstrate that overexpression of PDGF-BB induces tumorigenic conversion of nontumorigenic though immortal human keratinocytes and provide several lines of evidence that this is based on a double paracrine mechanism. Integration and transcription of the transfected PDGF-B gene were verified by Southern and Northern blot analysis, respectively. The production of a functionally active protein was confirmed by the stimulation of fibroblast proliferation by conditioned medium of HaCaT͞PDGF-B cells. This mitogenic effect was abolished by a neutralizing antibody to PDGF-BB, indicating that the major mitogenic effect on fibroblasts in the HaCaT͞PDGF-B-conditioned media is caused by PDGF-BB. Several PDGF-BB isoforms have been identified so far; the 30-kDa species is a secreted form, whereas the 24-kDa and 32-34-kDa products are found in the cell and at the cell surface, respectively (6, 27) . The fact that HaCaT͞ PDGF-B cells stimulated proliferation of fibroblasts in a transfilter coculture experiment, where close contact between the two cell types was prevented, confirms the production of a secreted PDGF-BB isoform.
Northern analysis revealed that HaCaT͞PDGF-B cells were devoid of PDGF-receptor expression. In accordance, they do not show accelerated growth in culture compared with controltransfected cells, which also rules out an intracellular loop. Furthermore, addition of a neutralizing antibody to PDGF-BB in the transfilter experiment did not reduce the growth rate of HaCaT͞PDGF-B cells. Taken together, these data strongly support the conclusion that HaCaT͞PDGF-B cells are not growth-stimulated by PDGF-BB via an autocrine mechanism.
With regard to the fact that PDGF-BB is frequently expressed in tumor cells, and in view of its cognate receptors (particularly the ␤-chain) on stromal cells, its paracrine role in tumorigenesis by contributing to tumor stroma development has been suggested (6, 12) . In epithelial tumors, this appositional expression of PDGF-BB and its receptor has been documented in basal cell carcinoma of the skin (12) , but also in breast (28) , lung (29) , and colorectal cancer (30) . Here we report that human keratinocytes transfected with PDGF-B induce a highly proliferative and well-vascularized stroma after s.c. injection into nude mice. This is in concert with data of others obtained with melanoma cells (14) . Moreover, we show that the stroma reaction was pronounced only within the first 2-6 weeks after s.c. injection, indicating that the mitogenic and chemotactic effect of PDGF-BB is transient. This was clearly not due to a decrease in expression of the transfected PDGF, since both mRNA and protein expression in tumors remained high during the entire 6-month observation period.
It has long been recognized that tumor stroma undergoes evolution with time, the changes closely resembling events during wound healing. While stroma matures in central parts of a tumor, new provisional stroma is continually deposited at the periphery, and in this sense tumors are considered wounds that do not heal (31) . In the process of maturation cellularity and vascularity decrease, the resulting fibrous connective tissue closely resembling scar tissue of healed wounds (31, 32) . PDGF-BB is known to accelerate wound healing, and its overactivity seems to be involved in the development of various fibrotic conditions, for example in hypertrophic scars and scleroderma of the skin (33, 34) . Hypothetically, consistent with its function in wound healing, PDGF-BB is likely able to initiate, but not maintain the formation of a provisional stroma in the absence of other factors responsible for the persistent deposition of a provisional matrix and neovascularization (e.g., vascular endothelial growth factor, ref. 32). Overactivity of PDGF-BB would result in the formation of a poorly vascularized fibrous tissue, the typical stromal surroundings of a benign tumor. In this regard, benign tumors may be considered as ''wounds that overheal.'' Consistent with our observation that PDGF can initiate but not maintain the process of tumor stroma formation, we found that angiogenesis triggered by HaCaT͞PDGF-B cells was arrested at later stages (2-6 months) of tumor development, implying that PDGF-BB can initiate but not maintain angiogenesis. It has been recently reported that PDGF-receptors are expressed only on angiogenic, i.e., activated, endothelial cells in vitro (35, 36) , indicating that the response to PDGF-BB depends on a specific microenvironment. Deposition of extracellular matrix components stimulated by PDGF-BB (6) may, in analogy to fibroblasts (37, 38) , eventually render endothelial cells nonresponsive to PDGF and other angiogenic factors. In support of this idea we detected high levels of vascular endothelial growth factor in HaCaT͞PDGF-B tumors but no expression of vascular endothelial growth factor receptor type 
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Cell Biology: Skobe and Fusenig Proc. Natl. Acad. Sci. USA 95 (1998) 2 (flk-1) on endothelial cells (data not shown). As demonstrated recently vascular endothelial growth factor receptor 2 expression is essential for maintained angiogenesis and its down-regulation is associated with reduced vascular density in stroma of benign tumors (17) .
Here we demonstrate a novel role of PDGF as an indirect tumor promoter functioning via activation of stromal cells, which in turn stimulate keratinocytes to continued proliferation and eventual tumor formation. This double paracrine mechanism demonstrated in the HaCaT model system may have significance for the carcinogenesis process in skin and other epithelia. The HaCaT cell line used in this study carries mutations characteristic of uv exposure in both alleles of the p53 tumor suppressor gene (39) , as frequently detected in skin carcinomas (40) . This is considered an initiating event in skin carcinogenesis (23) . Nevertheless, long-term in vitro passaging of HaCaT cells carrying numerous genetic changes did not lead to a progression to tumorigenicity, indicating a stable nontumorigenic phenotype of these cells (15) . However, activation of the host environment in vivo was sufficient to induce tumor promotion by the same cells, indicating the critical role of the cellular environment in determining the fate of genetically predisposed cells in carcinogenesis (reviewed in ref. 1) . A large body of evidence demonstrates that host cells, especially fibroblasts, enhance tumor growth in experimental models (1, 4, 41) . Beyond that, we show that an activated stromal environment alone can induce tumor formation by intrinsically nontumorigenic epithelial cells.
All immortalized nontumorigenic human cells proliferate indefinitely in vitro, however their growth is suppressed in vivo, indicating endogenous negative growth control. During progression tumor cells acquire increasing degrees of resistance to these inhibitory homeostatic growth influences exerted by adjacent normal cells (5) . As demonstrated here, these growth constraints can be obliterated by continuous enhancement of keratinocyte proliferation through a paracrine mechanism. This may be achieved by the PDGF-stimulated production of epithelial cell mitogens such as insulin-like growth factor and keratinocyte growth factor in activated fibroblasts (24) (25) (26) . In addition, activated fibroblasts may promote epithelial proliferation by the modulation of extracellular matrix and release of bound growth factors. Although rapidly proliferating cells are considered at greater risk for further conversion to malignancy, we could not perceive a single case of progression to malignancy after s.c. injection of the HaCaT͞PDGF-B transfectants within a 6-month observation period. Moreover, direct retransplantation of a HaCaT͞PDGF-B tumor into other nude mice and follow-up for another 6 months did not reveal progression to malignancy.
In summary, the present data add to the emerging picture that tumor and stromal cells interact via a complex humoral network resulting in reciprocal growth stimulation comparable to the situation in wound healing. Several reports alluded to the association between wounding and carcinogenesis in carcinogen-initiated and transgenic mouse skin (reviewed in ref. 42 ). Transgenic mice with targeted expression of activated Ha-ras oncogene (43) or TGF-␣ (44) in skin keratinocytes, develop papillomas only upon wounding. Since PDGF is likely to be present in large quantities in wounds (25) as well as in inflammatory conditions (6), we suggest that elevated levels of PDGF-BB in wounds and inflammatory diseases may promote tumor formation by an epigenetic mechanism and act as an endogenous promoter.
